Abstract. We present measured scattering matrices as functions of the scattering angle in the range 5ø-173 ø and at wavelengths of 441.6 nra and 632.8 nra for seven distinct irregularly shaped mineral aerosol samples with properties representative of mineral aerosols present in the Earth's atmosphere. The aerosol samples, i.e., feldspar, red clay, quartz, loess, Pinatubo and Lokon volcanic ash, and Sahara sand, represent a wide variety of particle size (typical diameters between 0.1 and 100 pra) and composition (mainly silicates). We investigate the effects of differences in size and complex refractive index on the light-scattering properties of these irregular particles. In particular, we find that the measured scattering matrix elements when plotted as functions of the scattering angle are confined to rather limited domains. This similarity in scattering behavior justifies the construction of an average aerosol scattering matrix as a function of scattering angle to facilitate, for example, the use of our results for the interpretation of remote sensing data. We show that results of ray-optics calculations, using Gaussian random shapes, are able to describe the experimental data well when taking into account the high irregularity in shape of the aerosols, even when these aerosols are rather small. Using the results of ray-optics calculations, we interpret the differences found between the measured aerosol scattering matrices in terms of differences in complex refractive index and particle size relative to the wavelength. The importance of our results for studies of astronomical objects, such as planets, comets, asteroids, and circumstellar dust shells is discussed.
Introduction
A large mass fraction of the aerosols in the Earth's atmosphere consists of irregular mineral particles. These aerosols affect climate directly by interacting with solar and terrestrial radiation and indirectly by their effects on cloud microphysics as well as on cloud albedo. For instance, the presence of desert aerosol particles causes significant changes in the air temperature over [1989] measured the phase function and some polarization properties in situ during a yellow sand event (dust storm) in Nagasaki.
Altogether, scattering matrix measurements are currently available for a limited number of samples of mineral particles and only for a few specific compositions, size distributions, and wavelengths.
In this paper we present measured scattering matrices as functions of the scattering angle at wavelengths of 441.6 nm and 632.8 nm for seven distinct aerosol samples with properties representative of the mineral aerosols present in the Earth's atmosphere. In this manner we try to obtain more insight in the differences and/or similarities of the scattering behavior of natural mineral aerosols with diameters roughly between 0.1 and 100 ttm and a wide range in silicate composition.
To investigate the effects of irregular particles on light propagation through the atmosphere, information regarding scattering and extinction cross sections are required in addition to scattering matrices. However, laboratory measurements, in general, do not provide all these scattering properties, and certainly not for all types of aerosols occurring in the atmosphere. Therefore it is desirable to be able to compute these proper-Here we present a pilot study in which we investigate whether a ray optics method, employing Gaussian random shapes [Muinonen et al., 1996] , can be used to interpret our measurements. The great advantage of this method is that one can take into account the irregular shape of the particles in a systematic way and in sufficient detail [Muinonen, 2000] . Furthermore, a similar ray optics method, including stochastic rough particles, has produced good agreement between calculated and measured phase functions and degrees of linear polarization for unpolarized incident light for certain specific irregular particles [P½ltonicrai ½t al., 1989; Sass½ and P½ltoniemi, 1995]. Finally, a number of published ray optics results for Gaussian random shapes show a promising resemblance to measured scattering matrices of irregular mineral particles [Muinoncn ½t al., 1996] . Thus despite the limitation that the ray optics approximation is, in principle, valid only for particle sizes much larger than the wavelength, we feel that the ray optics method, including Gaussian random shapes, is at present the most suitable method to analyze the measured results for most of the aerosol samples investigated here. However, we note that in this study our primary goal is to reproduce measured scattering matrices as functions of the scattering angle and not to derive aerosol properties.
In summary, we present the measured scattering matrices as functions of the scattering angle between 50 and 1730 of seven aerosol samples relevant for studies of light scattering by mineral aerosols in general. In section 2 we characterize the seven aerosol samples. In section 3 we summarize the main concepts of light scattering applied. The experimental setup used to measure the scattering matrix elements is briefly described in section 4. In addition, the accuracy of the measurements and test results for water droplets are discussed in this section. In section 5 we present the measured scattering matrices as functions of the scattering angle for the various aerosol samples at two wavelengths. Furthermore, we compare the results for different aerosol samples and construct an average aerosol scattering matrix as a function of scattering angle. In section 6 we present the results of ray optics calculations employing Gaussian random shapes and analyze the measured results. Finally, our results are discussed in section 7.
Characterization of the Aerosol

Samples
In this section we discuss the properties of the aerosol samples that are most important as far as light scattering is concerned, i.e., particle size, particle shape, and the complex refractive index m. A brief characterization of each sample, including the effective radius, effective standard deviation of the radius, most abundant mineral constituents, real part of the refractive index, and color, is listed in Table 1 . This will be discussed in the following sections: 2.1.
Particle Sizes
There are several representations of the size distribution of a sample of small particles that are commonly used. For light-scattering purposes it is convenient to use a projected-surface-area distribution, because each particle scatters an amount of light proportional to the scattering cross-section GQsc•. Here G is the geometrical cross section, and Qsc• is the scattering efficiency. We define r as the radius of a sphere, called equivalent sphere, having the same projected surface area as the irregular particle has. Since the range in radii r is large, we plot normalized projected-surface-area distributions, i.e., S(log r), as functions of log r, in the top panel in Figure 1 where r is expressed in micrometers. Here S(log r)d log r gives the relative contribution by equivalent spheres with radii in the size range log r to log r + d log r to the total projected surface per unit volume of space. This implies that equal areas under a curve correspond to equal contributions to the projected surface of all spheres per unit volume. The normalized projected-surface-area distributions are broad and partly overlap. Some of these distributions are bimodal, indicating that more than one principal size range may contribute to the scattering. In addition, we plot normalized number distributions, N(log r), since these are often used in calculations and reported in the literature. In Figure 1 (bottom panel), N(log r)d log r gives the relative contribution by equivalent spheres with radii in the size range log r to log r + d log r to the total number of equivalent spheres per unit volume of space. N(log r) was computed from the corresponding •q(log r). For our experiments at least several grams of sample material were required. For this reason it was not feasible to work with aerosol particles collected directly from the atmosphere, because it is difficult to obtain enough particles in that manner. Therefore our samples originate from soil materials, which were either unprocessed (red clay, loess, Lokon volcanic dust, and Sahara sand) or which were processed to obtain a fine powder (feldspar, quartz, and Pinatubo volcanic ash In addition, the matrix elements should satisfy the Cloude (coherency matrix) test as described by Hovenier and van der Mee [1996] . The reliability of scattering matrix measurements can be investigated by applying this test, i.e., one checks whether each measured matrix at each measured angle can be a sum of pure scattering matrices. In principle, this test can be used only for matrices of which all elements have been determined. However, it is sometimes convenient to skip measuring one or more of the elements F•a(O), F•4(0), F23(0), and Fu4(0). In such cases we apply the Cloude test, assuming that each skipped element is zero.
Experimental Method
In this section we give a brief description of the experimental setup, the accuracy of the measurements, and the results of test measurements on water droplets. 
Experimental Setup
The experimental setup used to measure the scattering matrix elements of the aerosol samples is shown in Figure 3 . The setup is similar to that developed by Hunt and Huffman [1973] and is a revised and improved To be able to apply the Cloude coherency test for these samples, we assumed these elements to be zero at all scattering angles, since they proved to be identically zero within the experimental errors for the other samples.
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We found that for all matrices, the values that measured for scattering angles from 5 o to 173 o satisfy the Cloude test within the experimental error.
Test Measurements Using Water Droplets
We have tested the experimental setup by comparing results of water droplet measurements at 441.6 nm and 632.8 nrn to results of Lorenz-Mie calculations [Mie, 1908] 
Measured Scattering Matrices of
Mineral Aerosol Particles
In section 5.1 we present the experimentally determined scattering matrices for the seven aerosol samples described in section 2. An intercomparison of the resuits for the various samples is made in section 5.2. In section 5.3 we construct an average scattering matrix as a function of scattering angle. A more detailed discussion of the results is given in section ?.
Measurements
We present in Figures 5-11 results of the experimentally determined scattering matrices at 441.6 nm and 632.8 nm as a function of the scattering angle 0 for the aerosol samples feldspar, red clay, quartz, Pinatubo volcanic ash, loess, Lokon volcanic ash, and Sahara sand. These figures also contain results of ray-optics calculations that will be discussed in section 6. 
All F•(O) functions
Intercomparison of the Aerosol Scattering
Matrices
Comparison of the results for the seven samples reveals several fundamental and important aspects of the scattering matrix elements of mineral aerosols in general. In this section we focus on (1) the main common properties of the scattering matrices, (2) the dependence on particle size and complex refractive index, and (3) the wavelength dependence of the scattering matrix elements. A more detailed discussion will be given in 
Average Aerosol-Scattering Matrix
The experimentally determined scattering matrix elements for the distinct samples are generally found to agree well in their overall trends and behavior. This is independent of the wavelengths considered. Therefore although detailed differences are present in the measured scattering matrices and it is preferable to take such differences into account in applications involving light scattering by mineral particles, we consider it justified to construct an average aerosol-scattering matrix for use, for example, in remote sensing studies for which the specific properties of the mineral aerosols are often not known.
The average aerosol-scattering matrix was obtained as follows: First, the average aerosol phase function, F• • (0), was determined by averaging the 14 phase functions measured at both wavelengths. Since no scattering cross sections were available, the phase functions were averaged giving them equal weights. The 14 phase functions were all normalized to one at 300 (as shown in The average aerosol-scattering matrix is displayed in Figure 13 
Ray-Optics Method
To compute the light-scattering behavior of an ensemble of randomly oriented mineral aerosols, a method is required that takes into account in detail the high irregularity and large variety in size and shape of mineral [1996]. In the diffraction part of the method, the refractive index of the particles does not occur and the forward diffraction peak is computed using a size distribution for equal-projected-surface-area spheres. In this way, the forward peak is assumed to be independent of the detailed shape of the particles [e.g., Bobten and Huffman, 1983, chapter 4]. In the geometric-optics part, in contrast, the size, shape, and refractive index of the aerosols are accounted for in detail. In this case, a model particle in a specific orientation is newly gener- [1996]. Using this parameterization, a Gaussian ran- the Gaussian random particle. From a light scattering point of view, this is similar to a ray that encounters an aerosol particle that is relatively small in size. 2. Similarly, a ray incident in the direction of a peaked surface deformation may travel through the entire Gaussian particle. From a light-scattering point of view, this is similar to a ray encountering a relatively large aerosol particle.
The probability for these extreme ray-particle interactions to occur is higher for Gaussian random particles with more peaks and/or more extended peaks, i.e., for smaller values of F and/or larger values of er. Consequently, light scattering by an ensemble of Gaussian random particles for a small value of F and/or large value of er is similar to light scattering by an ensemble of aerosol particles with a broad projected-surface-area distribution. (Note that the er of the Gaussian random particles cannot be compared directly with the ereff obtained for the mineral aerosols, although they would denote similar quantities in case the Gaussian random particles would be perfectly spherical.)
In the same manner, a ray incident on a Gaussian random particle with a relatively larger number of highly peaked surface deformations, i.e., a smaller value of the correlation angle F, and a larger value of er, probably will experience much interaction with the particle, encountering many boundary surfaces. Therefore an ensemble of such Gaussian random particles will exhibit light-scattering behavior similar to that of an ensemble of aerosol particles with a high degree of internal and/or external irregularity.
In conclusion, we expect that the ray-optics method, by means of its statistical approach, takes into account adequately effects of the high irregularity on the lightscattering behavior of large aerosol particles.
Outline of the Model Computations
In this section we briefly describe how the ray-optics method is applied to investigate the measured scattering matrices of the aerosol samples presented in sec- wavelengths. We use this average peak for the sensitivity study, because differences in the diffraction peak hardly influence the shape of the resulting scattering matrix elements as functions of the scattering angle.
For the geometric-optics calculations we have chosen the following parameter values, appropriate for the aerosol samples studied (see also In summary, we find good overall agreement between the ray-optics results for scattering matrices of Gaussian random particles and the results of measurements of the irregular mineral aerosol samples characterized in section 2. In particular, the ray-optics calculations are able to reproduce qualitatively general trends observed in the wavelength dependence of the aerosol measurements. This indicates that these ray-optics calculations are useful for irregular samples, even when they have projected-surface-area distributions with a large fraction of very small particles.
Discussion
In section 7.1 we discuss in more detail the measurement results of the aerosol samples investigated in this paper. The comparison of these data with ray-optics results for Gaussian random shapes is discussed in sect, ion 7.2. Possible implications for scientific fields, such as studies of the Earth atmosphere by remote sensing and the light-scattering properties of planets and inter-Regarding the parameterization of particle irregularity by means of a Gaussian random shape, as described by the parameters •r and I', we note that the agreement between the measurements and the ray-optics calculations may be slightly improved for some aerosol 
